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Abstract:ȱ Dietaryȱ supplementsȱ andȱ functionalȱ foodsȱ areȱ becomingȱ increasinglyȱ popularȱ
complementsȱ toȱ regularȱdiets.ȱAȱ recurringȱ ingredientȱ isȱ theȱ essentialȱ cofactorȱ vitaminȱB12ȱ (B12).ȱ
Microalgaeȱareȱmakingȱtheirȱwayȱintoȱtheȱdietaryȱsupplementȱandȱfunctionalȱfoodȱmarketȱbutȱdoȱ
notȱproduceȱB12,ȱandȱ theirȱB12ȱcontentȱ isȱveryȱvariable.ȱ Inȱ thisȱstudy,ȱ theȱsuitabilityȱofȱusingȱ theȱ
humanȱ B12Ȭbindingȱproteinȱ intrinsicȱ factorȱ (IF)ȱ toȱ enrichȱ bioavailableȱB12ȱ usingȱmicroalgaeȱwasȱ
tested.ȱTheȱIFȱproteinȱwasȱsuccessfullyȱexpressedȱfromȱtheȱnuclearȱgenomeȱofȱtheȱmodelȱmicroalgaȱ
Chlamydomonasȱ reinhardtiiȱ andȱ theȱ additionȱ ofȱ anȱNȬterminalȱ ARS2ȱ signalȱ peptideȱ resultedȱ inȱ
efficientȱ IFȱsecretionȱ toȱ theȱmedium.ȱCoȬabundanceȱofȱB12ȱandȱ theȱsecretedȱ IFȱsuggestsȱ theȱalgalȱ
producedȱIFȱproteinȱisȱfunctionalȱandȱB12Ȭbinding.ȱUtilizingȱIFȱexpressionȱcouldȱbeȱanȱefficientȱtoolȱ
toȱgenerateȱB12Ȭenrichedȱmicroalgaeȱ inȱaȱ controlledȱmannerȱ thatȱ isȱ suitableȱ forȱvegetariansȱand,ȱ
potentially,ȱmoreȱbioavailableȱforȱhumans.ȱ





















ofȱ supplementsȱ areȱ commerciallyȱ available.ȱ Forȱ instance,ȱmicroalgalȱChlorellaȱ supplementsȱwereȱ
foundȱtoȱcontainȱamountsȱofȱB12ȱvaryingȱfromȱtraceȱamountsȱupȱtoȱ415ȱΐgȱperȱ100ȱgȱdryȱweightȱ[6].ȱ
Microalgaeȱ areȱ versatile,ȱunicellularȱphotosyntheticȱ organismsȱ thatȱ areȱ attractingȱ increasingȱ
attention.ȱDespiteȱedibleȱmicroalgaeȱhavingȱaȱlongȱtraditionȱasȱaȱfoodȱsource,ȱlargeȱscaleȱcultivationȱ
hasȱ onlyȱ becomeȱ widespreadȱ sinceȱ theȱ middleȱ ofȱ lastȱ centuryȱ [7,8].ȱ Potentialȱ exploitationsȱ ofȱ
microalgaeȱareȱasȱdiverseȱasȱtheȱpolyphyleticȱgroupȱitself.ȱInȱ theȱcontextȱofȱthisȱstudy,ȱthreeȱmainȱ







IFȱ proteinȱwasȱ successfullyȱ expressedȱ andȱ theȱ additionȱ ofȱ aȱ signalȱ peptideȱ fromȱ arsylsulfataseȱ
resultedȱinȱtheȱefficientȱsecretionȱofȱIFȱtoȱtheȱmedium.ȱTheȱsupplementationȱofȱtheȱcultureȱmediumȱ
withȱB12ȱledȱtoȱaȱhigherȱIFȱabundanceȱinȱtheȱgeneratedȱmicroalgalȱstrains.ȱThisȱproofȬofȬconceptȱshowsȱ














correctȱ constructȱ assemblyȱ hasȱ beenȱ verifiedȱ byȱ sequencing.ȱ Allȱ plasmidsȱ wereȱ amplifiedȱ inȱ
EscherichiaȱcoliȱDH5΅ȱandȱpurifiedȱforȱtransformationȱofȱC.ȱreinhardtii.ȱ
ȱ



































Initialȱ screensȱ forȱpositiveȱ transformantsȱwereȱperformedȱ inȱ 24ȱwellȱplates.ȱTheȱwellsȱwereȱ
inoculatedȱwithȱsingleȱcoloniesȱandȱgrownȱforȱ5ȱdaysȱbeforeȱanalysis.ȱForȱproteinȱexpressionȱanalysis,ȱ
100ȱmLȱpreȬculturesȱwereȱinoculatedȱfromȱaȱplate.ȱAfterȱ6ȱdays,ȱ100ȱmLȱculturesȱwereȱreȬinoculatedȱ










speed.ȱ Theȱ cellsȱ wereȱ dilutedȱ withȱ TAPȱ mediumȱ toȱ aȱ finalȱ volumeȱ ofȱ 10ȱ mLȱ andȱ grownȱ forȱ
approximatelyȱ18ȱh.ȱAfterȱresuspensionȱofȱtheȱcellȱpelletsȱinȱ500ȱΐLȱTAPȱmedium,ȱsoftȱagarȱ(0.5%)ȱ
wasȱ addedȱ andȱ theȱ mixtureȱ spreadȱ onȱ TAPȱ platesȱ containingȱ 10ȱ ΐgȉmLƺ1ȱ Zeocinȱ (InvivoGen,ȱ

























clearedȱbyȱultracentrifugationȱ (BeckmannȱTLAȬ100.3ȱ rotorȱ (Beckman,ȱLismeehan,ȱ Ireland),ȱ70,000ȱ
rpm,ȱ30ȱmin)ȱandȱtheȱsolubleȱsupernatantȱloadedȱonȱtheȱcolumn.ȱ
Forȱ ionȱexchangeȱ chromatography,ȱ10ȱmLȱ columnsȱ (QȱSepharoseȱFastȱFlow,ȱGEȱHealthcare,ȱ
LittleȱChalfont,ȱUnitedȱKingdom)ȱwereȱfreshlyȱpreparedȱforȱeachȱpurification.ȱAȱvacuumȱpumpȱwasȱ
usedȱ toȱpassȱ theȱmediumȱsamplesȱ throughȱ theȱcolumn.ȱAfterȱ loadingȱofȱ theȱ sampleȱ (mediumȱorȱ





Theȱ bioassayȱ forȱ theȱ detectionȱ ofȱ B12ȱ contentȱ inȱ theȱ proteinȱ fractionsȱ fromȱ ionȱ exchangeȱ
chromatographyȱisȱbasedȱonȱtheȱSalmonellaȱentericaȱserovarȱTyphimuriumȱLT2ȱstrainȱAR2680ȱ(metE,ȱ
cbiB–).ȱDetailsȱofȱtheȱassayȱareȱdescribedȱelsewhereȱ[24].ȱInȱveryȱbrief,ȱthisȱSalmonellaȱstrainȱcannotȱ











ProteanȱGelȱ systemȱ (BioȬRadȱLaboratories,ȱWatford,ȱUnitedȱKingdom).ȱForȱ reducing,ȱdenaturingȱ
sodiumȱdodecylȱsulfateȱpolyacrylamideȱgelȱelectrophoresisȱ(SDSȬPAGE),ȱsamplesȱwereȱboiledȱwithȱ
LaemmliȱbufferȱcontainingȱΆȬmercaptoethanolȱatȱ95ȱ°Cȱforȱ5ȱminȱ(crudeȱcellularȱlysatesȱandȱmediumȱ

























fromȱpreviouslyȱdescribedȱmethodsȱ [22,25],ȱ seeȱSectionȱ 2.3).ȱTheȱpresenceȱofȱ theȱ IFȱ cassetteȱwasȱ
verifiedȱbyȱPCRȱ(FigureȱS1)ȱinȱcoloniesȱthatȱgrewȱonȱZeocinȱafterȱtransformation.ȱPositiveȱcandidatesȱ
basedȱonȱPCRȱresultsȱwereȱthenȱsubjectedȱtoȱimmunoblotȱanalysisȱtoȱscreenȱforȱexpressionȱofȱtheȱIFȱ


























byȱ immunoblotȱanalysisȱusingȱHAȱ(΅HA)ȱandȱ intrinsicȱfactorȱ(΅IF)ȱantibodies,ȱrespectively,ȱ inȱtheȱ
cultureȱmediumȱ andȱ cellularȱ lysates.ȱ (a)ȱCellularȱ lysatesȱ ofȱ IFȱ strainȱ expressingȱ theȱprotein.ȱTheȱ
proteinȱbandȱisȱindicatedȱwithȱanȱarrowȱ(IF).ȱAȱsecond,ȱnonȬspecificȱbandȱcrossȬreactingȱwithȱtheȱHAȱ
antiserumȱ isȱ indicatedȱ (N.S.).ȱ (b)ȱ Cultureȱ supernatantȱ (medium)ȱ ofȱ transformedȱ CCȬ849ȱ strainȱ
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Tableȱ1.ȱRelativeȱhumanȱ intrinsicȱ factorȱ (IF)ȱproteinȱexpressionȱ levelsȱ inȱ IFȱandȱarsȬIFȱ strainsȱ forȱ
differentȱB12ȱconcentrationȱsupplementedȱtoȱgrowthȱmediumȱ(nȱ=ȱ3ȱ±ȱstandardȱerror).ȱ
VitaminȱB12ȱinȱMediumȱ(ΐgȉLƺ1) arsȬIFȱStrainȱ(Medium) 1ȱ IFȱStrainȱ(Cytoplasmic)ȱ2ȱ
0ȱ 1.0ȱ 1.0ȱ
20ȱ 1.1ȱ± 0.01 1.4ȱ±ȱ0.15ȱ
50ȱ 1.6ȱ±ȱ0.17ȱ 2.3ȱ±ȱ0.17ȱ
100ȱ 2.1ȱ±ȱ0.50ȱ 1.4ȱ±ȱ0.11ȱ
1ȱ Densitometricȱ relativeȱ quantityȱ ofȱ IFȱ wasȱ normalizedȱ toȱ theȱ OD750ȱ ofȱ theȱ respectiveȱ culturesȱ




























elutedȱproteinȱ fractionsȱ (pȱ =ȱ 0.02)ȱ (Figureȱ 5b).ȱAllȱpurificationsȱ fromȱ culturesȱgrownȱwithoutȱB12ȱ
supplementedȱ inȱ theȱmediumȱdidȱnotȱcontainȱB12ȱ levelsȱdetectableȱwithȱ theȱbioassay.ȱTheȱelutionȱ
patternȱofȱtheȱIFȱproteinȱinȱtheseȱsamplesȱwas,ȱhowever,ȱfoundȱtoȱbeȱoverallȱtheȱsameȱasȱfromȱculturesȱ





























1ȱ supplementedȱTAPȱmediumȱdeterminedȱusingȱaȱplaqueȱ assayȱofȱSalmonellaȱ entericaȱ (metEȱ cbiB–).ȱ





































































































































































commonȱproblemȱ seenȱ inȱChlamydomonasȱ (previousȱ studiesȱhaveȱ reportedȱ 0.25%ȱofȱ totalȱ cellularȱ
proteinȱ[38]ȱorȱ0.25%ȱofȱtotalȱsolubleȱproteinȱ[30]ȱforȱexample).ȱThisȱisȱlikelyȱdueȱtoȱvariousȱfactorsȱ
suchȱasȱrandomȱinsertionȱofȱtheȱconstructȱinȱtheȱnuclearȱgenomeȱandȱefficientȱsilencingȱmechanismsȱ
[39].ȱRecentȱeffortsȱ toȱestablishȱ targetedȱDNAȱapproachesȱ (seeȱ [14,40]ȱ forȱ recentȱ reviews)ȱsuchȱasȱ
CRISPR/Cas9ȱtechnologyȱ[41–43]ȱforȱnuclearȱtransformationȱinȱC.ȱreinhardtiiȱcouldȱbeȱpromisingȱtoolsȱ








NoȱB12ȱwasȱdetectedȱ inȱ anyȱproteinȱ fractionsȱ concentratedȱ fromȱ culturesȱgrownȱwithoutȱB12ȱ
supplementationȱ (Tableȱ S1)ȱ whichȱ isȱ expectedȱ asȱ theȱ algaeȱ wereȱ grownȱ axenically.ȱ Whenȱ






























interactȱwithȱ internalizedȱB12ȱ [45].ȱThisȱ couldȱ explainȱ theȱhighȱbackgroundȱ foundȱ inȱ theȱproteinȱ
elutionsȱfromȱbothȱcellularȱlysates,ȱCCȬ849ȱandȱIFȱstrainȱ(Figureȱ5a).ȱAdditionally,ȱaȱrelativeȱdecreaseȱ






Inȱ thisȱ studyȱ weȱ expressedȱ IFȱ inȱ theȱ eukaryoticȱ microalgaeȱ Chlamydomonasȱ exploringȱ theȱ
potentialȱofȱenrichingȱbioavailableȱB12ȱusingȱaȱmicroalgalȱhost.ȱWeȱproposeȱthatȱthisȱmodelȱalgaȱcouldȱ
beȱaȱgoodȱchassisȱ forȱ futureȱproductionȱofȱmicroalgalȱ functionalȱ foodsȱandȱdietaryȱB12ȱcontainingȱ





Asȱ shownȱ recentlyȱ forȱ Chlorellaȱ supplementsȱ [6],ȱ currentlyȱ availableȱ eukaryoticȱmicroalgalȱ
supplementsȱ canȱ containȱvaryingȱ amountsȱofȱB12.ȱThisȱ isȱmostȱ likelyȱdueȱ toȱdifferentȱ cultivationȱ
conditionsȱalteringȱtheȱcompositionȱofȱtheȱassociatedȱbacterialȱbiofilmsȱthatȱareȱtheȱoriginalȱsourceȱofȱ
B12ȱ foundȱ inȱ theȱ supplements.ȱ Inȱ thisȱ respect,ȱ theȱ establishmentȱ ofȱ closed,ȱ standardizedȱ growthȱ









Hereȱ weȱ haveȱ shownȱ thatȱ theȱ humanȱ glycoproteinȱ Intrinsicȱ Factorȱ canȱ beȱ expressedȱ inȱ
Chlamydomonasȱreinhardtiiȱfromȱtheȱnuclearȱgenome.ȱTheȱadditionȱofȱanȱARS2ȱsignalȱpeptideȱleadsȱtoȱ
efficientȱsecretionȱtoȱtheȱmedium.ȱOurȱdataȱsuggestȱ thatȱtheȱsecretedȱIFȱproteinȱdirectlyȱbindsȱB12,ȱ
however,ȱ itȱ isȱ lessȱ clearȱ ifȱ theȱ cytoplasmicȱ IFȱ bindsȱ theȱ cofactorȱ orȱ hasȱ anȱ indirectȱ effectȱ onȱB12ȱ
enrichmentȱinȱtheȱIFȱstrain.ȱOurȱdataȱalsoȱshowȱaȱcorrelationȱofȱhigherȱproteinȱlevelsȱwithȱhigherȱB12ȱ
concentrationsȱsuggestingȱaȱpotentialȱstabilizingȱeffectȱonȱtheȱprotein.ȱThisȱstudyȱisȱaȱfirstȱproofȬofȬ
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